
SIOSFACE ACOUSTIC WAVE FDUfER 

application is a continuation of qiplicati n No. 
7/965,T^rrfilc<lOct 23, 1992, now U.S. PaL No. 5^59, 
(481, patented S^r2*r4S^.J 

BACKGROUND OF THE INVENITON 

1. Field of the Invention 

The present invention generally relates to surface acoustic 
wave (SAW) filters, and more paiticulatiy to a ladder-type 
SAW filter suitable for an RF (Radio Frequency) filter 
provided in pocket and mobile telephones, sudi as automo- 
bile phone s^ and portable phones. 

2. Description of the Prior Art 

In Japan, an automc^ile phone or portable phone system 
has a specification in which a transmission frequency band 
is ±8,5 MHz about a center frequency of 933.5 MHz. The 
ratio of the above transmission band to the center frequency 
is approximately 2%. 

Recently, SAW filters have been employed in automolnle 
I^one or portable phone systems, ft is required that the SAW 
filters have characteristics whidi satisfy the above specifi- 
cation. More specifically, it is required that the pass band 
width is so broad that 1) the ratio of the pass band to the 
center frequency is equal to or greater than 2%, 2) the 
insertion loss is small and equal to 5 dB-2 dB, and 3) fiie 
suppression factor is high and equal to 20 dB-30 dB. 

Li order to satisfy the above requirements, SAW filters are 
substituted for conventional transversal filters. Cienerally, 
SAW elements are so coimected that a ladder-type filter 
serving as a resonator is formed. 

FIG. 1 is an equivalent circuit of a SAW filter disclosed 
in Japanese Laid-Open Patent Publication No. 52-19044. A 
SAW filter 1 shown in HG. 1 conqirises a SAW resonator 3 
in a series arm 2, and a SAW resonator 5 in a parallel arm 

4. The equivalent parallel capacitance C^.^ of die resonator 
5 in the parallel arm 4 is larger than the equivalent parallel 
capacitance C^^ of the resonator 3 in the series arm 2. 

The SAW filter 1 shown in FIG. 1 has a diaracteristic 
shown in FIG. Z A curve 6 shows an attenuation quantity v. 
frequency characteristic of the SAW filter 1. As indicated by 
arrows 7 shown in HG. 2, the siqypression foctor increases 
as the equivalent parallel capacitance 

^OB increases. 

However, as the equivalent parallel capacitance Cqb 
increases, the band width decreases, as indicated by arrows 

5, and the insertion loss increases, as indicated t>y an anow 
9. Hence, the characteristic deteriorates, as indicated by a 
broken line 10. When trying to obtain a suppression factor 
equal to or larger than 20 dB, the band width is decreased so 
that the ratio of the pass band to the center firequency is equal 
to or smaller ^an 1%, and does not satisfy the foremen- 
tioned specification of die 800 MHzrband radio systems. 

SUMMARY OF THE INVENTION 

It is a general object of the present invention to provide a 
SAW filter in which the above disadvantages are eliminated. 

A more specific object of the present invention is to 
provide a SAW filter having a large band width, a large 
supiH-ession factor, and a small inserti n loss. 

The above bjects of the present inventi n are achieved 
by a SAW filter comprising: a first SAW resonator (21, RIA, 
RIB) having a pair of terminais and a predetennined reso- 
nance frequency (f^, the first SAW resonator being pro- 
vided in a parallel arm (24) of the SAW filter, a second SAW 
resonator (23) having a pair f terminals and a predeter- 
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mined resonance frequency (f„) approximately equal to the 
predetermined anttresonance frequency of the fint SAW 
resonator (f^, the second SAW resonator being provided in 
a series arm (24) of the SAW filter; and an inductance 
5 element (25, LI) connected in series to the first SAW 
resonator. 

BRIEF DESCRIFnON OF THE DRAWINGS 

Other objects, features and advantages of the present 
^0 invention will become more qiparent from the following 
detailed descri{Aion when read in conjunction widi the 
acconcqpanying drawings, in \^ch: 

FIG. 1 is an equivalent drcuit diagram of a conventional 
SAW filter. 

FIG. 2 is a graph of a characteristic of the conventional 
SAW filter shown in FIG. 1; 

FIG. 3 is a circuit diagram of a SAW filtu according to the 
present invention; 

20 FIG. 4 is a block diagram of the basic structure of a filter 
circuit using a resonator; 

FIGS. 5A, SB and 5C are diagrams showing a one- 
terminal-pair SAW resonator, 

FIGS. 6A and are diagrams showing frequency char- 
acteristics of inq>edance and admittance of the one-terminal- 
pair SAW resonator; 

FIGS. 7 A to 7C are diagrams showing an immittance 
characteristic of a SAW resonator and a filter characteristic 
30 of the filter shown in FIQ. 3 using that SAW resonator, 

HGS. 8A to 8C are diagrams showing the diaracteristics 
of die conventional SAW filter shown in FIG. 1; 

FIGS. 9A and 9B are diagrams showing effects obtained 
when an inductance is coimected in series to a resonates; 
35 FIGS. WA and WB are diagrams showing effects 
obtained when n one-tetminal-pair resonators are connected 
in series; 

FIGS. UA and HIB are diagrams showing an aperture 
length dependence on a parallel-arm resonator; 

FIGS. 12A to I12C are diagrams showing an aperture 
length dependence on a series-arm resonator; 

FIG. 13 is a circuit diagram of a SAW filter according to 
a first embodiment of the present invention; 
^3 HG. 14 is a diagram showing a band characteristic of the 
filter shown in FIG. 13; 

FIGS. 15A and 15B are diagrams showing effects 
obtained when an inductance is added to a parallel-arm 
resonator; 

so FIG. 16 is a plan view of the structure of the SAW filter 
shown in FIG. 13 widi a lid removed therefrom; 

HG. 17 is a cross-sectional view taken along a line 
XVn— XVn shown in HG. 16; 
HG. 18 is a diagram of a SAW filter according to a second 
55 embodiment of the present invention; 

HG. 19 is a diagram showing a band characteristic of the 
filter shown in HG. 18; 
HGS. 20A and 2CB are diagrams showing ^ects based 
^ on the ratio of the ^erture lengtii of die parallel-arm 
resonator to the aperture length of the series-arm resonator, 
FKj. 21 is a diagram of a SAW filter acovding to a third 
embodiment of the present invention; 
FIG. 22 is a diagram showing a baud diaracteristic of the 
€5 filter shown in HG. 21; 

HG. 23 is a diagram of a SAW filter according to afourth 
embodiment of the present invention; 
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nC. 24 is a diagram showing a band ciiaractedstic fthe 
filter shown in FIG. 23; 

FIG. 25 is a circuit diagram of a SAW filter according to 
a fifth embodiment of the present inventi n; 

FIG. 26 is a diagram showing a band characteristic of the 
filter shown in FIG. 25; 

FIG. 27 is a circuit diagram of a SAW filter according to 
a sixth embodiment of the present invention; 

FIG. 28 is a diagram showing a first one-terminal-pair 
SAW resonator shown in FIG. 27; 

FIG. 29 is a diagram showing a band characteristic of the 
filter shown in FIG. 27; 

FIG. 30 is a diagram showing the influence of the reflector 
setting position on the width of a ripple; 

FIG. 31 is a plan view of the structure of the SAW filter 
shown in FIG. 27 with a lid removed dier^m; 

FIG. 32 is a diagram showing a variation of the first 
one-terminal^>air SAW resonator shown in HG. 27; 

FIG. 33 is a diagram showing another variation of the first 
one-terminal-pair SAW resonator shown in FIG. 27; 

FIG. 34 is a circuit diagram of a SAW filter according to 
a seventh embodiment of die present invention; 

FIG. 35 is a diagram showing the relation between the 
film thickness of the electrode and the ripple occurrence 
position; 

FIG. 36 is a diagram showing a state in which a rq>ple 
arising from reflectors of a paraUel-arm resonator has been 
dropped into a high-firequency attenuation pole; 

FIGS. 37A. 37B and 37C are diagrams showing a film 
thickness* dependence on the pass band characteristic of a 
resonator-type filter; 

FIGS. 38A and 3S& are diagrams showing the results of 
an experiment concerning the film thickness* dependence on 
the insertion loss and the ripple occurrence position; 

FIG. 39 is a diagram of a first one-terminal-pair SAW 
resonator according to an eighth embodiment of the present 
invention; 

FIG. 40 is a diagram showing a band characteristic of the 
SAW filter shown in FIG. 39; 

FIG. 41 is a diagram showing a variation of the iirst 
one-terminai-pair SAW resonator used in the eighdi embodi- 
ment of the present invention; 

FIG. 42 is a plan view of a structure which realizes 
inductors used in the filter shown in FIG. 13; 

FIG. 43 is a diagram of ano&er stracture which realizes 
inductors used in the filter shown in FIG. 13; 

FIG. 44 is a circuit diagram of a SAW filter according to 
an eleventh embodiment of the present invention; 

FIG. 45 is a perspective view of the SAW filter shown in 
HG. 44; 

HGS. 46A and 46B are diagram.s showing an immittance 
characteristic of a SAW resonator in which the resonance 
firequency is high^ flian the anti-resonance frequency; 

FIGS. 47A. 47B and 47C are diagrams showing variations 
in the band characteristic of ^the ladder-type filter observed 
when the difference between the resonance frequency and 
the antiresonance frequency increases from zero; 

FIGS. 48A and 48B are diagrams showing how to. mea- 
sure the characteristics of the SAW resonator; 

FIG. 49 is a gr^h sh wing admittance and inunittance 
characteristics of SAW res nators in the series arm and the 
parallel arm; 



FIG. 50 is a diagram showing the frequency dependence 
on the product of bx; 

FIG. 51 is diagram showing an equivalent circuit in which 
a part of the circuit shown in FIG. 44 is expressed by means 
5 ofLandC; 

FIG. 52 is a diagram showing the relation between Ibx^ 
and Mf„; 

FIG. 53 is a diagram showing the relation between Ic^ and 

10 ^' 

FIG. 54 is a circuit diagram of a SAW filter according to 
a twelfth embodiment of the present invention; 

FIG. 55 is a perspective view of the SAW filter shown in 
FIG. 54; 

15 FIG. 56 is a diagram showing a filter characteristic of the 
SAW resonator shown in FIG. 53; 

FIG. 57 is a diagram showing a characteristic obtained 
when an output-side admittance of the filter shown in HG. 
64 is reduced; 

20 

FIGS. 58A and 58B are circuit diagrams of unit sections; 

FIGS. 59A. 59B and 59C are circuit diagrams showing 
multi-connections of unit sections; 

FIG. 60 is a diagram showing a connection of two 
25 four-tetminai circuits and an interface therebetween; 

FIGS. 61A, 61B and 6IC are drcuit diagrams showing 
unit section connecting ways; 

FIG. 62 is a diagram showing how n unit sections are 
cascaded; 

30 

FIGS. 63A. 63B and 63C are drcuit diagrams showing 
how ladder-type circuits are configured using fiie unit sec- 
tions; 

Dwi\^^G. 64 is^^j^^t diagram of a conventional SAW filter, 
3S FIG. 65 is a circuit diagram of a SAW filter according to 
a thirteenth embodiment of the present invention; 

FIG. 66 is a circuit diagram of a SAW filter according to 
a fourteenth embodiment of the present invention; 
FIG. 67 is a diagram showing a SAW filter according to 
^ a fifteenth embodiment of the present invention; 

FIG. 68 is a perspective view of the SAW filter shown in 
FIG. 57; 

FIG. 69 is a diagram showing a filter characteristic of the 
^3 filter shown in FIG. 68; 

FIG. 70 is a circuit diagram of a ladder-type filter in which 
SAW resonators having different resonance frequencies are 
respectively provided in the parallel and series arms; 
FIGS. 71A and 71B are diagrams showing a frequency 
so characteristic of the admittance of the parallel-arm resonator 
and a frequency characteristic of the impedance of the 
series-arm resonator; 

FIG. 72 is a circuit diagram of a wave filter according to 
a sixteenth embodiment of the present invention; 
" FIG. 73 is a Smith's chart of the wave filter shown in FIG. 
72; 

FIG. 74 is a circuit diagram of a wave filter according to 
a seventeenth embodiment of the present invention; 
FIG. 75 is a Smith*s chart of the wave filter shown in FIG. 
"74; 

FIG. 76 is a circuit diagram f a wave filter according to 
an eighteenth embodiment of the present invention; 

FIG. 77 is a Smith's diait of the wave filter shown iii FIG. 
65 76; 

HG. 78 is a circuit diagram f a wave filter according to 
a nineteenth embodiment f the present invention; and 
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FIG. 79 is a Smith's chart of the wave filter shown in FIG. 
78. 

DESCRIFnON OF THE PREFERRED 
EMBODIMENTS 

FIG. 3 shows an overview of a SAW filter according 
to the present inventi n. Hie SAW filter 2Q conq>xises a first 
SAW resonator 21 having a pair of terminals, a paraUd arm 
22, a second SAW resonator 23 having a pair of tenninals«. 
a series arm 24, and an inductor 25. Hie first resonator 21 
connected to the parallel arm 22 has a predetermined reso- 
nance frequency The second resonator 21 connected to 
the series arm 24 has a predetermined resonance frequency 
f„ ^proKimately equal to an antiresonance frequency f^ of 
the fint resonator 21. The inductor 25 is connected in series 
to the first resonator 21, and provided in the parallel arm 22. 

The princ^le of the SAW filter 2iD will now be described. 
Use of image parameters is convenient to verify whether or 
not a resonance circuit has a filter characteristic. The details 
of image parameters are described in the following docu- 
mmt Yanagisawa est aL, 'Theory and Design of Mtos**, 
Sai^K) Shuppan, Electronics Sensho, {^.192-f)p.203, 1974. 

Flnt of all, a basic ladder-type circuit having a filter 
diaracteristic will be described with reference to FKj. 4 
Two black boxes 30 and 31 shown in FIG. 41 are respectively 
SAW resonators. Fof the sake of sin:q)lidty, it will now be 
assumed that the SAW resonators 3® and 31 are respectivdy 
reactance circuits having no resistance, and that the in[^)ed- 
ance Z of the resonator 3^ provided in &e series arm is equal 
to jx, and the admittance Y of the resonator 31 provided in 
the parallel arm is equal to jb. 

According to the image parameter method, an image 
transfer quantity y (a complex numbor) defined in the 
following equation has the in^Kxrtant meaning: 



tanh(t)=>l Mi«-0 



(4) 



(1) 



where Vi and I^ denote an input voltage and an input 
current, respectively, and and I^ denote an output voltage 
and an ou^ut onrent, respectively. Ibe equation (1) can be 
rewritten as follows: 
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tanhCT) - tQiili(a+jp) 



(2) 



where A, B, C and D denote parameters of an F matrix 
showing the whde circuit shown in FKx. 41. When the value 
expressed by the equation (2) is an imaginary number, the 
two-teiminal-pair circuit shown in FIG. 41 has a pass band 
characteristic. Wifii the above value being a real number, die 
circuit shown in FIG. 4 has an attenuation characteristic The 
ABCD parameters can be rewritten using the above- 
mentioned X and b: 



A=l 

B=ix 

D=:l-bx (3). 

Hence, the following equati n (4) can be btained firom die 
equation (2) using the above ABCD parameters: 



When 0<bx<i, diat is, when b and x have the same sign and 
are small values, die entire circuit shown in FIG. 4 has a pass 
band characteristia When bx<0 ot hx>l, that is, when die b 
and X have different signs or die product of hx is a large 
value, the circuit shown in FIG. 4 has an attenuation 
characteristic. 

In order to qualitatively understand the frequency char- 
acteristics of b and x, die inqiedance and admittance of die 
SAW resonators will not be considered. 

As shown in FIG. 5A, a SAW resonator having pair of 
terminals comprises an interdigital electrode 4® (see ^'Nikkei 
Blectronics", November 29, pp,76-K>'98, 1976). A refer- 
ence number 41 indicates a pair of electrodes, 42 indicates 
an £^>erture lengtfi (crossing width), and 43 indicates an 
interdigital electrode period. When die resistance of die 
interdigital electrode 4<^ is neglected, die SAW resonator 
shown in FIG. SAhas an equivalent circuit 45 shown in FIG. 
8B, in whidi Q, denotes die electrostatic c^adtance of tii 
interdi^tal electrode 40, Cj and Lj denote equivalent con- 
stants. Hereinafter, die equivalent drcuit 45 is depicted by 
symbol 46 shown in HG. 5C 

FIGS. 6A and qualitatively show an inq)edance vs. 
frequency characteristic (A) of die equivalent drcuit ihomi 
in FIG. 5B, and an admittance vs. frequency charact^stic 
(B) diereof. The diaracteristics shown in FIGS. 6A and 
are double resonance characteristics in vMch two resonance 
frequendes f^ and f^ exist It will be noted diat a res nator 
having a crystal has a double resonance characteristic When 
the resonators respectivdy having a double resonance char- 
acteristic are arranged in the series and paralld arms, 
respectivdy, and an antiresonance frequency f^ of the 
paralld arm is made ^^proximately equal to a res nance 
irequency f „ of die series arm, a circuit can be configured 
which has a band-pass-type filler characteristic having die 
center frequendes f^ and f^ This is because, as stown in 
an immittance vs. frequency characteristic shown in HG. 
7A, the relation 0<bx<l is satisfied in a frequency range 
around die center frequency fap«f„ and diat frequency range 
is a pass band, while die relation bx>l is satisfied in a 
frequency range sli^tiy away from die center frequency and 
die relation bx<0 is satisfied in a frequency range far away 
from die center frequency, die latter two frequency ranges 
serving as attenuation bands. Hence, die SAW filter sh wn 
in FIG. 4 has a qualitative filter characteristic 47 shown in 
FIG. 7B. 

A description will now be given of die factors ttiat 
determine die band widtii in die resonator-type SAW filters. 
As is seen from HGS. 7A and 7B, die band widdi is mainly 
dependent on die difference between die resonance fre- 
quency f ^ and die antiresonance frequency f^ of each of die 
two resonators. The band widtii increases as die above 
difference increases, while die band widdi decreases as die 
difference decreases. The resonance frequency f^ and die 
antiresonance frequency f^ can be determined using die 
following equations, using die equivalent circuit constants 
shown in FIG. 5B: 
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(5) 
(6) 

(7) 



where x denotes die cqMidtance ratio. The ratio of die pass 
bandt die center frequency (A£/f J is mainly dependent on 
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the difference between f ^ and f^, and is therefore exi^essed 
in the f Uowing expression, using the equations (6) and (7): 

Wcr2(fa-/ry(fi.^r)-2/(4x+l) C8>. 

It can be seen from the equation (8) that the ct^dtance 
ratio T is the main factor which determines the ratio of the 
pass band to the center frequency. However, as set fodh in 
Japanese Laid-Open Patent Publication No. 52-19044, the 
capacitance ratio is mudx dependent on the type of substrate 
material used for the interdigital electrode. For example, an 
ST-cut crystal having a small electromechanical coupling 
coefiScient has a capacitance ratio t equal to or greater than 
1300. whfle a 36"* Y-cut X-propagation UTdO^ substrate 
having a large electromechanical coupling coefficient has a 
capacitance ratio x of approximately IS. The ratio of the pass 
band to the center frequency is 0.04% for ST-cut crystal, and 
33% for the 36* Y-cut X-piopagation UTaOj substrate. 
Hence, the band width is much dependent on the substrate 
materiaL 

The band widtti decreases as the equivalent parallel 
capacitance Cob increases in order to inqxrove &e side lobe 
suppression factor according to Jq)anese Laid-Open Patent 
Publication No. 52-19041 

The above phenomenon will now be described with 
reference to FIGS. 8A. SB and 8C. As is seen from the 
previous description of the principle of the present 
invention, as the admittance value increases while and f^ 
of the parallel resonator (see. FIG. 8C) are kept constant the 
product of bx has a negative sign and increases, as shown in 
FIG. 8A. However, the bx product increases around the 
center frequency, and hence the range of bx>l increases. 
Hence, the pass band in which the relation 0<bx<l stands is 
narrowed, and a sufficient pass band cannot be obtained. 
This phenomenon is indicated by arrows in FIG. 8B. 

The following two conditions must be satisfied in order to 
ftHminnfft the above disadvantages. The first condition is to 
increase the difference t}etween die resonance frequency f^ 
and the antiresonance frequency f^ in at least one of the 
resonators provided in the series and parallel arms (see FIG, 
8C). The second condition is to increase either the inq)ed- 
ance or admittance of the above-mentioned one of the 
resonators. As the inqtedance or admittance increases, the 
side lobe attenuation quantity increases. When the above 
two conditions awe satisfied, tiie side lobe attenuation quan- 
tity can be improved while the pass band is improved or 
prevented from being narrowed. 

Regarding the first condition, it is effective to provide an 
inductor L connected in series to a SAW resonator having a 
pair of terminals in order to increase the difference between 
f^ and ffl. FIGS. 9A and 9B respectively show an iiiq>edance 
vs. frequency characteristic of a SAW filter in which an 
inductor having an inductance of 8 nH is coimected to a 
resonator, and an admittance vs. frequency characteristic 
thereof. The parameters of the equivalent circuits of the 
SAW resonators used for obtaining the characteristics are 
mustrated in FIGS. 9A and 9B. 

FIG. 9A shows an in4)edance diaracteristic curve 50 
obtained before the inductor L is connected to the resonator, 
and an inq>edance characteristic curve 51 obtained after the 
inductor is connected tiiereto. FIG. 9B shows an admittance 
characteristic curve 52 obtained before the inductor L is 
connected to the resonator, and an admittance characteristic 
curve 53 obtained after the inductor L is connected thereto. 

It can be seen from HG. 9A that the inductance L 
inaeases the distance between the res nance frequency f^ 
and the antiresonance fr^uency f^* In the graph of FIG. 9A, 



the distance is increased by ^proximately 30 MHz. This is 
because, as shown in FIG. 9A, the inductance L functions t 
shifr the impedance characteristic curve of the original 
resonator upwards to the plus side by (dU and hence die 
5 resonance frequency f^ dianges to f/. In this case, the 
antiresonance frequency f^ has little variati n. The 
admittance, which is the reciprocal of die iiiq>edance, 
changes, as shown in HG. 9B. In this case, the resonance 
frequency f ^ changes to f*. 
10 Regarding the aforementioned second condition, the 
admittance value increases due to die inductance L, as 
shown in FIG. 9B. However, as shown in FIG. 9A, die 
inqvedance value decreases in frequencies outside of die pass 
band. Hence, if die inductance L is added to die resonator 
IS provided in die series ana, it is necessary to provide an 
additional means for increasing the impedance value. The 
above additional means is, for exanipie, an arrangement in 
which a plurality of identical SAW resonators are connected 
in series to each odier (cascaded). 
20 HGS. lOA and lOB show an ija^>edance characteristic 
curve 56 of a resonance arrangement in which n identical 
SAW resonators, each having a pair of terminals, are cas- 
caded. As shown m FIGS. IDA and lOB, die impedance 
value of the resonance azrangemeiit having the n cas c aded 
25 resonators is n times that of die single resonator. The 
resonance frequency of the resonatCH- widi the mductor L 
connected thereto is f/. That is, tiie difference between f^" 
and of die resonance arrangement With the inductor L 
connected diereto is sli^tiy smaller dian the difference 
30 between f/ and f^ of a single resonator with die inductor L 
connected thereto. However, die difference between f / and 
f^ of die resonance arrangement widi the inductor L con- 
nected thereto is larger dian that widiout the inductor L. It is 
possible to furdier increase tiie difference between die 
35 resonance frequency and the antiresonance frequency by 
using a larger inductance L, 

In order to increase the band width, it is also possible t 
select the antiresonance frequency f^^ of the parallel arm 
resonator and die resonance frequency f„ of the series arm 
40 resonator so diat f^y>f^. In this case, die condition bx<0 
occurs around the center frequency, and hence the afore- 
mentioned pass band condition is not satisfied. Hence, there 
is a possibility that an insertion loss and a r^ple may 
increase. However, by controlling Afc=f„-f^t it is possible 
45 to substantially suppress the increase in the insertion loss 
and the ripple and to expand the increase in the pass band. 

A description will now be given of embodiments of the 
present invention. The embodiments which will be 
described are based on a simulation. Hence, this simulation 
50 will t>e described first, as well as the results of co^^>arisons 
between the e:q)erimental results and the simulation in order 
to show the validity of the simulation. 

The equivalent circuit shown in HG. SB easily simulates 
the diaracteristic of die SAW resonator having a pair of 
55 terminals, while that equivalent circuit is not suitable for 
simulating, with high accuracy, variations in the number of 
figure pairs, the aperture lengdi and the electrode thickness, 
and die effects of a reflector. Widi die above in mind, the 
inventors have proposed an inqiroved simulation which uses 
60 a Smith's equivalent circuit model and e:q)ands a transfer 
matrix to analyze die SAW resonators (see 0. Bcata et aL, 
"1990 ULTRASONIC SYMPOSIUM Proceedings, v 1. 1, 
pp.83-pp.86. 1990; the disclosure of which is hereby incor- 
porated by reference). 
65 FIG. IIA is a graph showing the results of die simulation 
(calculation) for an arrangement in which a SAW res nator 
having a pidr of terminals is disposed in the parallel arm. 
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no. UB is a gn^ showing the results cf <he experimoit on 
an arranggmftnt In whidi a one^emrinal-pair SAWiesonatnr 
indading an interdigital electrode made of Al-2% Co and 
having a film ttiickness of 1600 A is disposed in a parallel 
ann« and bonding wires (L=13 nH) having a length of 3 mm 
are connected to the inteidigital electrode. It can be seen 
from HGS. 11 A and IIB that the calciilatioa values match 
die experiment values with respect to variations in the 
resonance points (f^^ f^, f^^) as well as the attenuation 
quantities observed around the resonance points for different 
^eiture lengths (a^, 150, 300 )im). 

FIG. 12Ais a gn^h showing the results of the simulation 
for an arrangement in which a SAW resonator having a pair 
of temunals is disposed in the series arm (see, FIG. 12Q. 
Hie bonding pads used in the experiment which will be 
described later were slightly large, and the simulation was 
carried out taking into account a stray cq^adtance 0.5 pF of 
the bonding pads. FIG. 12B is a gni>h showing the results 
of the experiment on an anangement in which a SAW 
resonatoa: having a pair of tenninals is disposed in the series 
aim. It can be seen from FIGS. 12A, 12B and I2C that ttie 
antfresonance frequendes f^^, and f^ do not depend on 
the^q)eiture length and that the simulation results match the 
experimental results regarding variations in the attenuation 
quantity around the resonance freqiiendes. 

Hence« it will be apparent from the above that the results 
of a sinuilation of tfie filter with the combination of the 
resonators disposed in the paralld and series arms match die 
results of the experiment The embodiments described 
below are based on the result of simulations. 

FIG. 13 shows a SAW filter 60 according to a first 
embodiment of the present invention. In Japan, an automo- 
bile and portable telephone system has a specification in 
which the ±SS MHz range about a center frequency of 933*5 
MHz is a transmission band fos mobOe tdephones and the 
iS.5 MHz range about a center frequency of 878.5 MHz 
separated from 933.5 MHz by -55 MHz is a [reception] 
rejection band. The SAW filter 60 according to the first 
embodiment of the present invention is designed to be 
suitable for transmission filters of mobile telephones. 

As shown in FIG. 13, two one-termhud-pair SAW reso- 
nators R2 and R4 are ananged in a series aim 61, and three 
one-terminal-pair SAW resonators Rlt R3 and R5 are 
respectively arranged in parallel arms 62, 63 and 64. Induc- 
tors LI, L2 andL3 are (ffovided in the parallel arms 62, 63 
and 64, and are connected in series to the resonators Rl, R3 
andRS, respectively. Each of the resonatxxs Rl-M has the 
interdigitai electrode structure shown in FIG. 5A. The num- 
ber of finger pairs is 100, and the qpoture iengdi is 80 lun* 
The electrodes are made of Al-2 % Cu , and arc 3000 A thick. 
The resonance frequencies of the resonators Rl, R3 and R5 
respectively provided in die parallel arms 62, 63 and 64 are 
912 MHz, and the antiresonance frequencies thereof are 934 
MHz. The resonance frequencies of the resonators R2 and 
R4 respectively provided in the scries arm 61 are 934 MHz, 
and the antiresonance firequendes thereof are 962 MHz. The 
inductors LI, L2 and L3 respectively have an inductance L 
(tf 4nH. 

The SAW filtff 60 having die above structure has a band 
characteristic indicated by a curve 65 shown in FIG. 14. 
Characteristic curves 66 and 67 in FIG. 14 are respectively 
obtained when the inductance L is equal to 2 nH and 6 nH. 

A curve 7© shown in FIG. ISA illustrates the inducta\:ce* 
dependence n the band widdi obtained n the basis of the 
gnqjhs of FIG. 14. Tlie band widdi is defined as die 
frequency width between die points on di curve where die 
insertion loss is 3 dB greater dian die minimum value. 

> 
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A curve 71 shown in FIG. 15B illnstrates a side lobe 
suppression factor* dependence on the inductance obtained 
on die basis of die gr^hs of FIG. 14. It can be seen from 
FIG. 14 that a sufficient suppression factor is not obtained at 

5 a frequency which is 55 MHz lower dian die center fre- 
quency when die inductance L is too large. With the above 
in mind, an inductance L of 4 nH is selected. The value of 
the inductance L is suitable selected in accordance widi die 
specification of filters. 

10 A curve 68 in FIG. 14 shows a band characteristic of a 
configuration in which L1=L2=L3=0 in FIG. 13. It can be 
seen from comparison between the band characteristic 
(curve 65) of die first embodiment and that (curve 68) of die 
conventional filter Uiat die filter 60 according to die first 

15 embodiment has a large pass band width (arrow 75), a large 
side lobe suppression factor (arrows 76), and a low insertion 
loss (arrow 77). 

FIGS. 16 and 17 show a SAW filter device 80 which 
frincdons as die SAW filter 60 shown in FIO. 13. The SAW 

20 filter device 80 conqnises a ceraniic package 81« a filter chq> 
82, and a lid 83 serving as die ground. The ceramic padcage 
81 is made of alumina ceramics, and has dimensions of 53 
mm (lengdi)x4 mm (widdi)xlj nun O^eig^t). Electrode 
tenninals 84.^-84^ made of Au are formed on die ceramic 

75 padcage 81. The filter diq> 82 is made of Lil^O,, and has 
dimensions of 2 mm (lengdi)xl.55 nun (width)>^3 mm 
(diickness). 

Resonators R1-R5 are arranged on the filter chip 82 so 
that each of the resonators R1-R5 does not own propagation 

30 padis in conunon widi other resonators. Each of die reso- 
nators Rl*-R5 has an interdigital electrode made of Al-2% 
Cu in which die number of finger pairs is 100, die aperture 
lengdi is 80 pm, and die film diickness is 3000 A. | 
Further, two signal Une terminals 8SLi and 85_2%]Er|i 

35 bonding and dxrec ground terminals 85.3, SS^ and 85,, for 
bonding are fcamed on die surfooe of die filter chip 82. 
Reference numbers 86.1-86.5 indicate txmding wires nn ^jl 
of Al ox Au. The bonding wires 86.1-86.5, each having lu. 
diameter of 25 \im0, connects die tenninals 84_|-M.5 and 

40 die terminals 85.1-85.,. The bonding wires 86.^ and 86.j 
respe^vdy f<Hm parts; of the senes arms 61a and 6lb. The 
wire 86^ is connected between die ground dectrode termi- 
nals 84.3 and 85^, and the wire 86^ is connected between 
die ground electrode terminal 84.4 and 85^. The wire 86.5 

4S is connected b^een die ground dectrode terminals 84I5 
and 85.5. The wires 86.3-86^ are long and, for exaiiq>le, 
2.0 mm long. 

According to die theory of high firequendes, a fine, long 
wire has an inductance conq>onent According to the theo- 

50 redcal equation of a ribbon inductor located in a space (see 
Kuraishi, ''Buerdse Microwave Circuit^, Tokyo Denki 
Daigaku Shuppan-Kyoku, pp. 199), die inductances of die 
wires 86.3, 86^ and 86.5 are aj^xunatdy equal to 1 nH. 
[It] If the high attenuation and wide pass band are needed, 

55 it is insufficient to obtain an inductance of 4 nH by means 
of only the wires. As wiU be described later, inductors are 
formed on the ceramic package 81 and the fdter chip 82. 
In this manner, the inductors LI, L2 nd L3 are formed. 

A description will now be given of a SAW filter accoiding 
to a second embodiment of the present invention. FIG. 18 

60 shows a SAW filter 90 according to die second end)odiment 
f die present invention. In FIG. 18. parts diat are the same 
as parts shown in die previously described figures are given 
the same reference numbers. The resonator R2 in die scries 
arm 61 has an aperture lengdi As of 80 \atL A resonator and 

65 die inductor LI connected in series to each odicr are 
provided in die paralld ann 62. Th resonator RlA has an 
^>erture lengdi Ap of 120 |un. Th apermre lengdi Ap is 
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laigex than the ^)atiire length As, being U times the 
qseiture length As. The numbers and Ns of finger pairs 
of the resonators R2 and RIA are 100. 

The filter 90 shown in FIG. 19 has a band characteristic 
indicated by a curve 91 shown in FIG. 19. It can be seen 
from comparison between the curve 91 and the characteristic 
curve 6S of the filter 60 that the filter 90 has an inqxroved 
side lobe suppression factor without a change in the pass 
band width. 

FKjS. 20A and 20B show a band characteristic' depen- 
dence on the ^crture length in the filter shown in FIG, 18. 
More particularly. FIG. 20A shows a curve 92 indicating die 
dq>endence on the aperture length with an inductance L of 
4 nH connected to the resonator, and a curve 93 indicating 
the dependence on the q>erture lengdi widiout any induc- 
tance. The horizontal axis of FKj. 20A denotes die ratio 
Ap/As, and the vertical axis thereof denotes the side lobe 
suppression factor (dB). FIG. 20B shows a pass band widdi 
s the ratio Ap/As (toacteristtc. A curve 95 Indicates the 
dependence on inductance with an inductance L of 4 nH 
connected to die resonator, and a curve 96 indicates die 
dependence on inductance without any inductance. 

The following can be seen firom FIGS. 20A and 20B. 
Hrst die side lobe suppression factor increases when mak- 
ing die aperture lengdi of the resonator RIA in die 
parallel arm 62 larger than die aperture lengdi As of die 
resonator R2 in die series arm 61. Second, the effect of die 
q)erture lengdi Ap of die resonator RIA is increased without 
deterioration of die pass band widdi by providing die 
inductor LI in die parallel arm 62. It can be seen from die 
above diat die filter 90 has an improved side lobe suppres- 
sion factor while the pass band widdi is not oarrowed, as 
con^ared to die filter 60. 

A description wiU now be given of a third embodiment of 
the present invention with reference to FIG. 21, in which 
parts that are the same as parts shown in the previously 
described figures are given the same reference numbers. 
A SAW filter 100 shown in FIG. 21 comprises a resonator 
RIB provided in the parallel arm 62, and the resonator R2 
provided in the series arm 61. The number Ns of finger 
pairs of the resonator R2 is 100. The inductor LI is 
connected in series to the resonator RIB. The number Np 
of finger pairs of the resonator RIB is 150, and is 1.5 
times the number Ns of finger pairs. The aperture lengths 
As and Ap of the resonators R2 and RIA are 80 ^m. 

The filter 100 shown in FIG. 21 has a band characteristic 
indicated by a curve 101 shown in FK}. 22. It can be seen 
from comparison between die band characteristic curve 65 
of die filter 60 and die chamctcrisdc curve 101 of die filter 
100 diat die filter 100 has an inqjroved side lobe suppression 
factor indicated by arrows 102 without reducing the pass 
band width. It can also be seen from comparison between the 
band characteristic curve 91 of die filter 90 and die charac- 
teristic curve 101 that die iosation loss of the filter 100 is 
less dian diat of die filter 90. Hence, die filter 100 has an 
inqnoved side lobe suppression factor while the pass band 
width is reduced, and has an insertion loss smaller dian that 
of die filter 90. 

A description will n w be given of a fourth embodiment 
of die present inventi n with reference to FIG. 23, in which 
parts that are the same as parts shown in die previously 
described figures are given the same reference numt^crs. A 
filter 110 according to the fourth embodiment is mtended £o 
increase die difiference between die resonance frequency f,. 
and the antiresonance frequency f^ of the res nator in th 
series aim and to diereby inqirove die band characteristic. 
Two identical resonators R2 are provided in the series arm 
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61, and two identical resonators R4 are provided dierein. An 
inductor Ls having an inductance of 3 nH is connected in 
series to the resonators R2. and anodier inductor Ls having 
an inductance of 3 nH is connected in series t die resonators 

5 R4. The res natorsRLRS and R5 are respectively provided 
in die parallel arms 62. 63 and 64. The filter 110 has a band 
characteristic indicated by a curve 111 shown in FIG. 24. 

Adescription will now be given of the effects provided by 
adding one inductor Ls and two resonators R2 and R4. When 

10 one inductor Ls and two resonators R2 and R4 are omitted 
from die filter 110, the remaining circuit configuration 
consists of five resonators Rl. R2. R3» R4 and R5. The band 
characteristic of the remaining circuit configuration is indi- 
cated by a curve 68 (see FIG. 14). By adding one inductor 

15 Ls, die pass band width is increased, as indicated by arrows 
112 and the side lobe suppression factor is also increased, as 
indicated by arrows 113. Particularly, die pass band widdi is 
large at frequencies higher than the center frequency, and is 
increased by ^proximately 15 MHz. The band character- 

20 istic widi the inductor Ls added to die conventional filter 1 
is indicated by curve 114. In this case, a sufficient side lobe 
suppression factor is not obtained. Hence, two resonators R2 
and R4 are further added to the conventional filter 1 with the 
inductor Ls added diereto. As indicated by anows 115, die 

25 side lotie suppression fiictor is improved by approxiniately 5 
dB without reducing the band characteristic, and a band 
characteristic curve 111 can be obtained. It can t>e seen from 
con^>arison between die curves 111 and 68 that the insertion 
loss is also improved, as indicated by arrows 116. It is 

30 possible to use more than two resonators R2 and move than 
two resonators R4. Furdier, as indicated by die two-dot 
chained line in FIG. 23, inductors can be i^ovided in die 
parallel arms 62-64. 
Adescription will now be given of a fifth embodiment of 

35 die present invention widi reference to FIG. 25, in which 
parts diat are die same as parts shown in the previously 
described figures arc given the same refffence numbers. A 
SAW filter 120 shown in FIG. 25 comprises five resonators 
R1-R5, and three inductors L1-L3. The inductor LI in the 

40 parallel arm 62 has an inductance Lpl of 4 nH, and the 
inductor L2 in the parallel arm 63 has an inductance Lp2 of 
5.5 nH. Further, the inductor L3 in die parallel arm 64 has 
an inductance Lp3 of 7 nH. 
By making die inductors LI, L2 and L3 have different 

45 inductance vahies, die filter 120 has a band characteristic 
indicated by a curve 121 shown in FIG. 26. Let us conqiare 
die characteristic curve 121 with the characteristic curve 65 
(FIG. 14) of die filter 60 shown in HG. 13 in which all die 
inductance values are die same as each odier. It can be seen 

50 from die above diat die filter 120 has an improved side lobe 
characteristic widiout reducing the pass band width, as 
conq}ared to die filter 60. The characteristic curve has an 
attenuation pole 123 located around a fifcquency of 902 
MHz. while die characteristic curve 121 has two attenuation 

5S poles 124 and 125 respectively located around 875 MHz and 
892 MHz. A frequency band 126 between die poles 124 and 
125 fiinctions as a blocking range 127. 

A descrq)tion will now be given of a sixdi embodiment of 
die iffesent invention widi reference to FIG. 27, in which 

60 parts diat are die same as parts sh wn in the previ usly 
described figures are given die same reference numbers. A 
SAW filter 130 shown in FIG. 27 conmrises two SAW 
resonators R2 and R4 provided in the series arm 61, and 
three SAW resonators RiB, R3B and R5B respe^ctively 

65 provided in die parallel arms 63 and 64. 

As shown in FIG. 28, die resonator RIB has an exciting 
interdigital electrode 131, and refiectors 132 and 133 respec- 
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tivdy disposed on both sides of the dectrode 13L The 

ceflectois 132 aad 133 aic positioaed so that in whidi 
9 is obtained from the Mowing equation: 

where d is the distance between the center of (he electrode 
131 and each of the reflectors 132 and 133* n is an arbitrary 
integer, p is a real number equal to or less than U and X is 
die period of the interdigital dectrode 131 oorresponding to 
its resonance frequency. 

The number of finger pairs of each of the reflectors 1^ 
and 133 is 50. The resonators respectivdy cquq)ped with die 
reflectors are indicated by the symbd *"^** shown in FIG. 27. 
The resonators R3B and R5B respectivdy provided in die 
paralld arms <S3 and 64 respectivdy have two r^e^cHs in 
the same manner as the resonator RIB. 

The filter 130 shown in PEG. 27 has a band rhflrnrty>T^fy»jr 
indicated t)y a curve 134 shown in FKt. 29. As conqiared to 
the characteristic curve 85 of die filtv 80 (FIG. 13), die 
insertion loss in die filter 130 is in^nroved, as indicated by 
an arrow 135. A ripple r^ arises from the arrangement of the 
reflectors 132 and 133. 

A descrqition will now be given of die reason why die 
reflectors 132 and 133 are arranged in the above-mentioned 
manner. The influence of the r^iple r^ observed when p is 
changed finom 0 to 0.5 is ilhistrated by a curve 140 shown in 
FIG. 30. The smaflest ripple widdi can be obtained at a point 
141atwhidiPis0.4. 

FIG. 31 shows a SAW filter device 150 functioning as die 
filter 130 shown in FIG. 27. In FIG. 31. parts diat are the 
same as parts shown in die previously descdbed figures are 
given the same reference numbers as previously. The filter 
device 150 conqxriscs reflectors 132« 133, 151, 152, 153 and 
154. 

Variations of the one-terminai-pair SAW resonators RIB, 
R3B and R5B will now be described. 

FIG. 32 shows a first variation RlBa, which conqmses 
interdigitd dectrodes 180 and respectivdy anang^ on bodi 
sides of the exciting interdigital dectrode 131. Each of die 
interdigital electrodes 180 and 181, which fimctions as a 
reflector, is an electrode in which the electric load thereof is 
of a short-ciraut 1^. < 

FHj. 33 shows a second variation RlBb. whidi comprises 
stnp array type electrodes 167 and 166 respectivdy arranged 
on both sides cf die dectrode 131. 

A description will now be given of a sevendi embodiment 
of die present invendon with reference to FIG. 34, in which 
parts diat are the same as parts shown in the previously 
described figures are given die same reference numbers. A 
SAW filter 170 shown in FIG. 34 conqirises two SAW 
resonators R2 and two resonatcvs R4 respectivdy provided 
in the series arm 61, and three SAW resonators RIB, R3B 
aad R5B respective^ provided in the paralld arms 62, 63 
and 64. Two inductors Ls are provided in the series arm 61. 
as shown in FIG. 34. 
The filter 170 is obtained by replacing the resonators Rl, , 

R3 and R5 shown in FIG. 23 with the resonators RIB, 
R3B and R5B shown ia FIG. 28. As has been described 
previously, the reflectors 132 and 133 shown in FIG. 28 
are positioned so that the condition p=0.4 is satisfied. The : 
filter 170 has a loss of the pass band smaUer than that of ! 
the filter 110 shown in FIG. 23, and a suppressed ripple. ; 

A description will now be given of an eighth embocyment 
of the present invention, whidi is intended to eliminate die 
dpplc shown m FIG. 29. First of alU a means fcr 
effecdvdy dhninating the ripple aiismg firom die reflec- 
tors will be described. 
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The inventors shnulated the relati nship between die 
frequendes at whidi die rq>ple r^ is observed and die 
electrode thickness. In the simulation, the effects resulting 
from increasing the film thickness of the dectrode are 

s replaced by increasing the ratio between the acoustic imped- 
ance (2^ btained under the electrode and die acoustic 
iiiq)edance (Z J of the free surface. As described in the 
af (sementloned Ikata document, an increase in the dectrode 
thickness increases die wdg^it thereof. Hence, it is possible 

10 to consider that an increase in die dectrode thickness is 
proportional to an increase in a discontinuous quantity of the 
acoustic iiiq)edance. With die above in mind^ the following 
equation was prepared: 

15 

i»=^5/?.=iVK,r=l+*V24«(0 (9) 

where and V„respectivdy denote sound vdodties on die 
froG surface and under die dectrode, is die dectrome- 
^ chanical coupling coefGldent and t is die film diickness of 
the dectrode. Then a(t) was changed as a parameter pro- 
portional-to the film thickness t 

From the equation (9). die center firequency f^ of the filter 
is written as follows: 

25 

/.=yoV(i^) (10). 

The equation (10) is consistent widi the well-known experi- 
mental result in which, as the film diickness increases, die 

30 center frequency decreases firom the center frequency f^* 
obtained when there is no discontinuity of the acoustic 
iiiq>edance. The results of the simulation show that, as ot(t) 
increases, that is, the film diickness increases, the frequency 
position at which die ripple Xp spears shifts toward the 

35 hig}i-frequency range of the pass band, as indicated by an 
arrow 180 shown in FIG. 35, and finally dr<^ into the 
attenuation pole on die high-frequency side of the pass band. 
It will be noted that a ripple r, shown in FIG. 35 is caused 
by the refiectors of die resonators {oovided in the series 

40 FIG. 36 shows an attenuation quantity vs. frequency 
characteristic obtained when a(t)=0.05. A r^>ple resulting 
from die reflectors of the resonators in the parallel arms is 
located in the attenuation pole on die high-fi^uency side of 
the pass band. That is, diere is no ripple in the pass band In 

45 addition, the gr^h of FIG. 36 shows diat the insertion loss 
is very small. In FIG. 36, the resonance ficequendes of die 
resonators in die paralld and series arms are calibrated s 
that they are located at the firequency position which is 15 
MHz higher than die original firequency position in order to 

so obtain a center firequency of 932 MHz, because the center 
frequency of the pass band decreases according to the 
equation (10). 

The inventors fabricated chips and measured the band 
characteristic thereof in order to study the relation to die 

55 actual film thickness. 

FIGS. 37A, 37B and 37C respectively show band char- 
acteristic curves 1S5, 186 and 187 for fiha diicknesses of 
2000 A, 3000 A and 4000 A. In practice, die center 
frequency is varied by changing die film duckness. The 

60 gr^^ of FIGS. 37A,37B and 37C have been calibrated by 
changhig die period of the interdigital dectrode. 

A rq>ple r^ resulting from die resonators in the parallel 
arms is superimposed on the characteristic curve 185 for a 
film thickness of 2000 A. As the film thickness increases, the 

65 rq>ple r^ shifts t higher frequendes. The experimental 
results shown in FIGS. 37 A, 37B and 37C are consistent 
widi die aforementioned results of the simulation. 
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However, an insertion loss arising from a bulk wave, 
which cann t be calculated by simulation, and a resistance 
1 ss ^pear as the film thickness increases (see Ebata et aL, 
••SURFACE ACOUSTIC WAVE RESONATOR ON LiTaOj 
SUBSTRATE AND ITS APPUCAnON TO OSCILLA- 
TORS FOR USE IN VTR", Journal of the Institute of 
Electronics and Communication Engineers of Japan, vol. 
J66<:. No.L pp.23-pp.30. 1988). Further, the correlation 
between the above insertion loss and the resistance loss is 
also a very important factor. 

FIG. 38A shows a curve 190 of the insertion loss resulting 
from the bulk wave, and a resistance loss curve 191. A curve 
192 shows an experimental characteristic curve. The inser- 
tion loss is ^^proximately equal to the resistance loss when 
the film thickness is 2500 A. Then, the total loss mainly 
resulting from the insertion loss starts to increase when the 
film thickness is approximately 3500 A. 

A curve 193 shown in FIG. 38B indicates the frequency 
position f^ of the ripple r^ as a function of the identical film 
thickness of the exciting electrode 131 and the reflectors D2 
and 133 shown in HG. 23. It is concluded, based on the 
grq)hs in FIGS. 38A and 38B of FIG. 38. that the optimum 
film thickness that results in no ripple and little insertion loss 
is between 2600 A and 4000 A. The above optimum film 
thickness can be normalized by the period Kp (4.4 pm at 932 
MHz see FIG. 28) of the resonators in the parallel arm 
substantially detennined by the center frequency of the filter. 
The normalized optimum film thickness is between 0.06 and 
0.09. 

The eighth embodiment of the present invention is based 
on the results of the above consideration by the inventors. 

FIG. 39 shows a first one-terminal-pair SAW resonator 
200 used in die SAW filter according to the eighth embodi- 
ment The resonator 2<)0 comprises an exciting electrode 
201. and two reflectors 202 and 203 respectively located on 
both sides of the electrode 201. The electrode 201 and the 
reflectors 202 and 203 are made of aluminum (Al) or a 
mixture or alloy of Al and a few percentage of other metal 
by weight The film thickness t^ of each of the electrodes and 
the reflectors 202 and 203 is equal to 0.06-0.09 times the 
electrode period A SAW filter, in whidi the resonator 200 
is appUed to eadi of the resonators RIB, R3B and R5B 
shown in FIGS. 27 and FIG. 34. has a band characteristic 
indicated by a curve 205 shown in FIG. 410. It can be seen 
from FIG. 410 that there is no ripple in the pass band. Use of 
an Al alloy iiqxroves the breakdown power peri^oimance, as 
compared to use of At Cu or Ti can be mixed with At 

FIG. 411 shows a variation 210 of the SAW resonator 200. 
The resonator 210 shown in FIG. 41 comprises an exciting 
interdigitai electrode 211. and two reflectors 212 and 213 
respectively located on both sides of the electrode 211. The 
electrode 211 and the reflectors 212 and 213 are made of Au. 
The optimum film thickness of the electrode 211 and the 
reflectors 212 and 213 is determined, taking into account the 
above-mentioned phenomenon caused due to the influence 
of an increase in the weights of the electrode 211 and the 
reflectors 212 and 213. Since the ratio of the density of Al 
to that of Au is 2.7/18.9. equal to 0.143. the optimum film 
thickness tj is determined by multiplying the optimum film 
diickness t^ by 0.143. and is equal t 0.0086-0.013 times the 
electrode period A^. A SAW filter obtained by applying the 
resonator 210 to each of the resonators RIB. R3B and R5B 
has a band characteristic similar to the characteristic shown 
in FIG. 40, and does not have any xippie in the pass band 

A description will now be given of the structure of the 
inductors LI. L2 and L3 shown in FIG. 13 according to a 
ninth embodiment of the present invention, with reference to 
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HG. 42, in which parts that are the same as parts sh wn in 
FIG. 16 arc given the same refoence numbers. As shown in 
HG. 42, zigzag miooslrip lines 220 and 221 are formed n 
the ceramic package 81 and are connected t the terminals 

5 84_3 and 84_5. Ends of the microstrip lines 220 and 221 are 
connected to the ground. The pattern widfli of eadi of the 
microstrip lines 220 and 221 is 100 pm. and the distance 
between the microstrip lines 220 and 221 and the ground is 
0.5 mm- When fte dielectric constant of the ceramic package 

10 81 is equal to 9, the inductance values of the microstrip lines 
220 and 221 aie equal to 2 nH. 
A description will now be given, with reference to FIG. 

43, of a tenth embodiment of the present invention which is 
another structure of die inductors LI, L2 and L3. In FIG. 43, 

15 parts that are the same as parts shown in FIG. U are given 
the same reference numbers as previously. 1\vo zigzag 
microstrip lines 230 and 231 respectively connected t die 
resonators Rl and R2 are ftomed on the filter chip 82. 
Terminals 8S_3 and 85^ are connected to ends of die 

20 microstrip lines 230 and 231 Eadi of the microstrip lines 
230 and 231 is 3000 A thick, 60 |Lua wide and 2 mm in 
length. When the dielectric constant of die filter chip 
(LflkOg) 82 is equal to 44, tiie inductance of die microstrip 
lines 230 and 231 are equal to 2.2 nH. 

25 B is possible to form inductors by suitably combining the 
bonding wire 86.3, the microstr^ line 220 on die ceramic 
package 81 and die microstrip line 230 on die filter ch^i 82. 
A desccq)tion will now l» given, witii reference to FIG. 

44, of a SAW filter 240 according to an eleventii embodi- 
30 ment of the present invention. The elevendi embodiment of 

die present invention is configured as follows. First, die 
resonance frequency f„ of die resonators in die series arm is 
made higher dian die antiresonance frequency f^ of die 
resonators in the parallel arms in order to increase the pass 

35 band widdi. Second, Afef„-f^ is selected so tiiat die pass 
band does not have an extremely large loss. 

The previously described embodiments of die present 
invention require diat f^=^^ However, as long as dus 
condition is maintained, the pass band cannot be increased. 

40 In order to increase die pass band, die present inventors 
considered a condition f^<f^ as shown in FIGS. 46A and 
46B. It is apparent from FIGS. 46A and 4ffi diat bx<0 
widiin a range f«p<f<f„ and hence diis frequency range is 
dianged to an attenuation band according to die aforemen- 

45 tioned dieory. However, in practice, die product bx can be 
maintained at a very small value by limiting Aj^frx"^ ). 
and die above frequency range can practically function ^a 
pass band widiout any substantial attenuation. 
FIGS. 47A, 47B and 47C show band characteristics of a 

50 ladder-type filter obtained when die Af=(f„-f^) inaeases 
from zero. The filter used in die experiment has a piezo- 
electric substrate made of LfTaOj having an electromechani- 
cal coupling coefficient of 0.05. and an Al interdigitai 
electrode having a film diickness of 3000 A. The structure of 

55 die electrode is one of two basic units connected so as to 
form a ladder-type structure, as shown in FIG. 44. Each of 
die basic units conpises a iint resonator in die parallel am 
and a second resonator in die scries arm. In order to form die 
input and output parts of die filter in symmetry to each otiier. 

60 a diird resonator is provided in another parallel arm of die 
final stage. A plurality of basic units are cascaded so as to 
form a ladder-type structure in wder to increase die side lobe 
suppression factor to a practical value. 
However, the insertion loss increases as die number of 

6$ basic units t be cascaded increases. Hence, it is preferable 
to determine die number of basic units t be cascaded, taking 
into account an actual filter specification. The filter being 
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considered is intended to realize a loss equal to or less than 
2 dB and a side lobe suppression factor equal to or higher 
than 20 dB. The interdigital electrode of each of die reso- 
nators in the parallel and series arms is designed to have an 
aperture lengdi of 180 (im and 50 linger pairs. The ratio 
IMCop/Cos) obtained when Cop and C s are electrostatic 
capacitances of parallel-arm and series-arm, respectively, is 
1 because die electrodes of all the resonators have identical 
specifications. 

FIG. 47A shows a band characteristic when Af=0. FIG. 
47B shows a band characteristic when Af^lO MHz. Hie 
band characteristic shown in FIG. 47B is inqiroved so that 
the pass band width (in whidi a loss equal to or less than 25 
dB is ensured) is increased to 40 MHz, while the band 
characteristic shown in FIG. 47A has a pass band width of 
22 MHz. E can be seen from FIGS. 47A and 47B that die 
pass band width is isproved particularly for low frequen- 
cies. Farther, the band characteristic shown in FIG. 47B has 
an inqiroved side lobe suppression factor. More particularly, 
the side lobe supjffession factor is improved to 20 dB from 
19 dB. 

There is a limit regarding improvement due to increase in 
Af. FIG. 47C shows a band characteristic when Af^l9 MHz. 
The pass band width slightly deteriorates at high 
frequencies, and this deterioration is approximately equal to 
Z5 dB, which will increase die ripple in die pass band. In 
FIG. 47C, a ripple amounting to approximately 1.0 dB, 
whidi is die allowable rq)ple limit, is observed. When Af is 
further increased, the insertion loss and die in-band ripple 
increase. Hence, an increase of A^19 MHz is the limit 

The product bx obtained when Af=19 MHz was exam- 
ined. In die esiperiment, a SAW resonator provided in a 
parallel aim shown in PEG. 44 and a SAW resonator pro- 
vided in a series arm shown therein were sq>arately fobri- 
cated. The admittance of the resonator in the parallel arm 
was measured by means of a circuit configuration shown in 
FIG. 48A, and the impedance of the resonator in the series 
arm was measured by means of a droiit configuration 
shown in FIG. 48B. llie measurement of admittance and 
ino^edance was carried out by measuring S21 by means of 
a netwOTk analyzer. The measured values of S21 were 
inserted into equations shown in FIGS. 48A and 48B, and 
the inq>edance and the admittance Yp were calculated. 

A frequency characteristic shown in FIG. 49 was 
obtained, which shows the imaginary part of the admittance 
or impedance, diat is, the value of b or x. The frequency 
dependence of die product bx is as shown in FIG. 50. B can 
be seen from FIG. 50 that the product bx is n^adve and is 
a small vahie within f^^<f<f„. The maximum absolute vahie 
Ibx^ of die product hx is given when: 



and was equal to 0.06 for the embodiment being considered. 
That is, when value Ibx^ is equal to or smaller dian 0.06, 
die deterioration of die insertion loss can be reduced and die 
in-band npp]& can be suppressed to 1 dB or less. If M>19 
MHz, die value of Ihx^ increases, and bodi die insertion 
loss and the in-band rii^le will increase to 1 dB or greater. 
This value is not practical. As a result, the value of Ibx^ 
is a an upper-limit indicator of characteristic deteriorati n, 
and detOTiines die allowable value of Af. 

The above consideration will be generalized. FIG. 51 is an 
equivalent circuit diagram fa ladder-type filter obtained by 
iqyproximating die SAW resonates s by the double resonance 
circuits f LC. The impedance Z, of di SAW res natorin 
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die series am and die admittance Yp of die SAW resonatcv 
in die parallel arm arc expressed as follows: 



[-J ((0^2^-0)2) ]/[C^^{(o ^2^-0)2)] 



10 where (D^ (0^ (0^ co^ are respectively die resonance and 
antiresonance frequendes of die series-arm resonator and 
the resonance and antiresonance frequencies of th parallel- 
arm resonator, and t is die cqiadtance ratio (inhoent in die 
substrate). The above resonance and antiresonance frequen- 
ts des as well as die capadtanoe ratio are written as follows: 



o^,=w„=i/Ncu.i,X 

2Q (D^ = 2stfai — C(wN 1 + 1/T 
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The product bx is calculated from the equations (11) and 
(12) as follows: 
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f^C^<fO^^'<i^<o„-<o^nC^^ (13) 

The angular frequency m which makes die product bx have 
a pole is obtained from 5(faK)/5(0=O< and is expressed as 
35 follows: 



(14) 



The value obtained by inserting die above into die equation 
^ (D) is die maximum value of the product hx in the pass 



band. That is« 



6wKC<»,<l+l/DyiCop{l+l/(xAairawr*l 



45 



where 



(15) 



(16) 
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FIG. 52 shows a relation between bx,^ and M/f„ 
obtained by plotting die equation (15) as a parameter P==Q]^ 
Cq^ The hatched area shown in FIG. 52 corresponds to die 
condition such diat the allowable value of the product bx is 
equal to or smaller than 0.06 obtained by die experiment 
55 Hence, the allowable value a of Aftf„ dependent on P=Co^ 
Q>, can be determined, and is written as follows, by inserting 
l^^n»N).06 into die equation (15): 
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(17) 
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The capacitance ratio t depends on the substrate mntflrial, 
and is approximately 15 for 36° Y-cut X-propagation Lfl^O, 

nccording to the espcrimfint. Hence, die equation (17) can be 
rewritten as follows: 
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cc=6^7xl<r^/(4J2^1) 



a8> 



When i^l, then a=0.02. and M=i9 MHz for the embodi- 
ment shown in HG. 47 having f„ of 948 MHz. That is, die 
equation (18) stands. 

An increase in Af is effective for a piezoelectric substrate 
material having a small capacitance ratio x, that is a substrate 
material having a large electromechanical coupling coeffi- 
cient The equation (17) is obtained for such a substrate 
material 

The capacitance ratio t is proportional to the reciprocal of 
the electromechanical coupling coefficient k^. The value of : 
die ratio t for 64* Y-cut X-propagation UNbOa (k^=011) 
and the value of the ratio t for 41^ Y-cut X-propagation 
liNbOa ^ respectively 6.8 and 4.4. The above values are 
obtained using the t value of Y-cut X-propagation 
LfTaOa and (see K. Yamanouchi et al., "i^lica- : 

tions for Piezoelectric Leaky Surface Wave", 1990 UITRA- 
SONIC SYMPOSIUM Proceedings, pp.ll-pp.l8, 1990). 

HG. 53 shows die relation between the capacitance ratio 
X and the electromechanical coupling coefficient k^, which is 
obtained using the values of k^ and t of 36** Y-cut : 
X-propagation Iira03 and using such a relation that k^ is 
proportional to the reciprocal of x. 

From the relation shown in FIG. 53, die values of die 
capacitance ratios x of 64° and 41** Y-cut X-propagation 
LiNbO) substrates can be obtained and are equal to 6.8 and 
4.4, respectively. 

The structure of the embodiment shown in FIGS. 44 and 
45 will now be described. The SAW filter 240 conq^rises a 
36^ Y-cut X-propagation LiTa03 substrate 241, and has 
dimensions of 1.5 mmx2 mmxO.5 mm. From the input side 
of the filter 240, a parallel-arm resonator 1^1, a series-arm 
resonator Rsl. a paraliel-ann resonator Rp2. a series-arm 
resonator Rs2, and a parallel-armresonator Rp3 are arranged 
in that oidei: Each of the resonators has rd^ectors (shart- 
dxcuit type) 242 respectively provided on both sides of the 
electrode having an aperture length of 180 fim and SO finger 
pairs. Each of the refleaors 242 has 50 finger pairs. 

The parallel-arm resonators are the same as the series-arm 
resonators except for the periods of the interdigital elec- 
trodes. The period of the electrode of each parallel-arm 
resonator is 439 pm (die ratio between the pattern widdi and 
the gap is 1:1 and hence die pattern width is approximately 
1.1 (mi (=Ap/4)), and the period of the electrode of each 
series-ann resonator is 4.16 pm (the pattern width is 1.04 fun 
(=V4)). 

Tlie respective periods are selected using the following 
equations so that die resonance frequencies (f^, f„) of the 
respective resonators are equal to die respective predeter- 
mined values (f^=893 MHz. f „=942 MHz): 

where V„ is the sound velocity of the surface wave propa- 
gating in the 36** Y-cut X-propagation LilaOj crystal for an 
electrode diickness of 3000 A. and is experimentally 3920 
m/s. 

The SAW filter 240 having the above structure has a 
band-pass characteristic having a broad pass band and a low 
loss, as shown in FIG. 47C. in which A^19 MHz. When 
only die pattern widdi in FIG. 45 is changed to 4.35 
then Af becomes 10 MHz, and the characteristic shcy^'n in 
HG- 47B is obtained. The electrode is made of an Al-Cu 
alloy and is 3000 A thick, and is airanged so that the surface 
wave is propagated in the X direction f the piezoelectric 
substrate 241. 
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A description wiU now be given of pi zoelectric sub- 
stratcs odicr dian 36* Y-cut X-propagation TrTaOj. The 
capacitance ratio t of 64** Y-cut X-propagation LiNbOj is 
6.8, and an equation coiresponding to di equati n (17) is 
5 written as follows: 



Ctel.47xl0rV{437VP-l) ^j^j 

The c^adtance ratio t of 41*» Y-cut X-propagati n 
LiNbOa is 4.4, and an equation corresponding to die equa- 
tion (17) is written as follows: 



a=Z273xlO-V(4.52^1) (jqj 

As die T value decreases, tiiat is, die electromechanical 
coupling coefBdcnt increases, a increases, and die charac- 
teristic deteriorates little even if Af increases. 
A description will now be given of a twelfdi embodiment 

20 of die present invention with refierence to FIGS. 54 dirough 
57. A SAW fiUer 250 according to die twelfth embodiment 
of die present invention is a ladder-^ SAW filter having 
a plurality of basic units (unit sections), each having a SAW 
resonator in die paralld arm and a SAW resonator in die 

25 series aim, and establishes image impedance matdiing 
between adjacent unit sections in order to reduce a loss at 
each connection node. Widi die above airangement. it 
becomes possible to reduce die insertion loss in die pass 
band 

50 The twelfdi embodiment of die present invention was 
made witii die foUowing consideration. As shown in FIGS, 
58A and 58B, a band-pass characteristic can be obtained by 
means of at least one paralld-ann resonator and at least one 
scries-ann resonator. The ladder-type connection conqjris- 
35 ing one parallel-arm resonator and one series-arm resonator 
is the unit section of die filter. 

It is desirable diat the resonance frequency of die series- 
aim resonator be equal to or higher dian die antiresonance 
frequency of die paralld-ann resonator. Two unit sections 
40 respectively shown in HGS, S8A and 58B are available. The 
iseries arm of the unit section shown in FIG. 58A [series] 
j serves as the input terminal, and the series arm of the unit 
I section shown in FIG. 58B serves as the output termmal. 
i A multi-stage connection comprising a plurality of unit 
sections is categorized into one of three types shown in 
FIGS. 59A, 59B and 59C. FIG. 59A shows an 
arrangement in which either the input or the output is a 
series arm and the other is a parallel arm (asymmetrical 
type). FIG. 59B shows an arrangement in which both the 
input and output are parallel arms (symmetrical type). 
FIG. 59C shows an arrangement in which both the input 
and output are series arms (symmetrical type). 

The insertion loss of the multi-stage connection having n 
unit sections is n times that of the unit section, and the side 
55 lobe suppresion factor thereof is also n times that of the unit 
section. Generally, die insertion loss inaeases. while die 
side lobe suppression is in^oved. Farticulariy when the 
inserti n loss is approximately zero, the multi-stage connec- 
tion is an effective means. However, the insertion loss will 
60 be larger than n times diat of di unit secti n unless die 
impedance matching between the adjacent unit section is 
good. If the impedance matching is poor, power is reflected 
at die interfaces between adjacent unit sections (each of die 
interfaces W-n-n'). The reflection of power increases die 
65 insertion loss. When the power reflection occurring at an 
inteifoce between adjacent unit sections is denoted by F. die 
loss is expressed as nl01og(r). Hence, it is inqiortant t 
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suppress increase in tiicinserti n loss establishing an inq>ed- 
ance match between adjacent unit sections and suppressing 
power reflection at each interface between two adjacent unit 
sections. 

A description will now be given of a method for matching 
the impedances of adjacent unit sections. As shown in FIG. 
60, when two circuits 1 and 2, each having four different 
tenmnal constants (four parameters A« B, C and D of an F 
matrix), are connected to each other so that the inq>edance 
matching therebetween is established, the circuits are 
designed so diat image impedances obtained by viewing the 
circuits 1 and 2 from an interface b-b* are equal to each 
othcL An image impedance obtained by viewing the 
circuit 1 firom the interface b-b* can be expressed as follows, 
using four tenmnal constants A^. B|, and of the circuit 
1: 



Zii=N DMCtAt 



(21) 



Similarly, an image impedance Zj2 obtained by viewing ttie 
circuit 2 from tiie interface h-b* can be expressed as follows: 



(22) 



The image inq)edances and Z^^ are d^erminedreganlless 
of a load resistance (pure resistance) Rq. 

When die equations (21) and (22) are equal to each odier, 
the following impedance matching condition can be 
obtained: 



(23). 



FIG. 61A shows a connection having poor inqpedance 
matching, and the condition of tiie equation (23) is not 
satisfied. The reflection factor T obtained by viewing the 
right circuit from the interface b-b* is ^pressed as follows: 



r=<2;Kpy(2+^iV) 



(24). 



The values of the Z, and of a practical element are not 
equal to zero, and hence the reflection factor T thereof is not 
zero. 

In a connection shown in FIG. 61B, an image inq)edance 
Zti obtained by viewing the left circuit from the intoface 
b-b* is obtained as follows, using the equation (21): 



(25) 



An image impedance Z^ obtained by viewing the right 
drcuit from the interface b-b' can be obtained using die 
equation (22). It wfll be noted that Zj^^, Hence, the 
impedance matdiing is established, and die reflection factor 
r at the interface b-b* is zero. The above holds true for a 
connection shown in FIG. 61C. 

A description will now be given of a mediod for cascading 
a plurality of unit sections in the manner shown in FIG. 61B 
or 61C. FIG. 6t2-(A) shows a circuit ccnqirising n unit 
sections (n>2), in which the connecdon method shown in 
FIG. 61B and the connection mediod shown in FIG. 6IC are 
alternatively enq>loyed. It will be seen from the above 
description diat there is no reflection at each interface. 

The drcuit shown in (A) of FIG. 62 can be modified, as 
shown in (£) of FIG. 62, ia which two resonators respec- 
tively in adjacent parallel nodes are integrated and two 
adjacent resonators in the series arm are also integrated. The 
series-arm resonator closest to the input of the filter has an 
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inqiedanoe value half that of the resonators located inside 
the above series-arm resonator. Similariy, the paraUel-arm 
resonator closest t die ou^ut of the filter has an admittance 
value half that of the resonators located inside the above 
parallel-aim res nat<ff. 

FIGS. 63A. 63B and show configurations obtained 
by ai^lying die above modifying method shown in FIG. 62 
to die configurations shown in FIGS. 59A, 59B and 59C, 
respectively. M(sq particularly, FIG. 63A shows an imped- 
ance matching mediod corresponding to the noatching 
m^od shown in FIG. 59A, in which ddier the input or 
output of the filter is the series arm and the other is die 
parallel arm. In the configuration shown in FIG. 63A, the 
impedance of die series-arm resonator located at one end of 
the filter is half diat of each inner series-aim resonator, and 
the admittance of the parallel-ami resonator located at the 
other end of the filter is half that of each inner parallel-arm 
resonator. 

FIG, 63B shows an impedance matching metiiod cozre- 
sponding to die matching method shown in FIG. S9B* In the 
20 configuration shown in HG. 63B, eadi of two parallel-ami 
resonators located at respective ends thereof has an admit- 
tance value half that of the inner parallel-arm resonator. 

FIG. 63C shows an impedance matching mediod coire- 
sponding to die matching method shown in FIG. 59C In the 
25 configuration shown in HG. 63C, each of die two series-ann 
resonators located at respective ends diereof has an imped- 
ance value half that of the inner series-aim resonators. 

A further descr^tion will now be given of the twelflh 
embodiment of the present invention based on die above- 
so mentioned concept The SAW filter 250 according to die 
twelfdi embodiment has the equivalent circuit shown in FIG. 
54, and die practical structure shown in HG. 55. As sh wn 
in HG. 54, it has diree series-arm resonators Rsl, Rs2 and 
Rs3, and three paiaild-aim resonators Rpl, Rp2 and Rp3. 
35 Each of die six resonators has an identical aperture iengdi 
(90 pm), and an identical number of finga pairs (100). Each 
of the resonators has two short-^drcuit-type reflectors respec- 
tively located on two opposite sides of the interdigital 
electrode in (ffda to increase Q. Each of die reflectors has 
40 apiffoximately 100 finger pairs. The series-arm resonators 
Rsl, Rs2 and Rs3 have an identical finger period (A^) of 
4.191 pnL The parallel-arm resonators Rpl, Rp2 and 
have an identical finger period Xp of 438 pm, which is 
different from the value of 
HG. 64 shows a conventional SAW filter related to the 
lW filter 250 according to the twelfth embodiment of the 
;ent invention. In each o£^e filters shown in HGS. 54 
and 64, the design spedfi^on of each series-arm SAW 
resonator indicated by Inrnfedance Z, is such diat the aperture 
so iengdi is 90 pm and tl^umber of finger pairs is 100. The 
design spec^catioyjj^each parallel-arm SAW resonator 
indicated by admit 

specification. Ihe^^dectric substrate crystal is made of 
36° Y-cut X-prop&gation LTTaOj. On the crystal substrate, 
55 an interdigital TOittem for each SAW resonator formed with 
an Al alloy p^jftern having a thickness of 3000 A is provided, 
i pn Curve 251 of the solid line sho^rn in HG. 56 indicates die 
/l/^'charattoistic of the filta 250. 
/?r shown in HG. 56 m 
60 shown hi HG. 64. It can 
250 has an insertion los; 
HG. 64, and parti* 
the pass band in the^ 




252 of die broken line 
characteristic of the filter 
from HG. 56 diat til filter 
diat of the filter shown in 
the insertion loss at both ends of 
ter 250 is gready improved.^ 



Curve 253 siiown in HG. 57 shows a band characteristic 
ds of the conventional filter shown in HG. 64. in vMch die 
number of finga pairs of only the parallel-arm resonator 
indicated by admittance Yp is reduced from 100 to 80 to 
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thereby reduce the vahie of the adnuttance B can be seen 
from FIG. 57 that the i&sectioD loss in the pass band is 
improved. It may be said that die insertion i ss can be 
somewhat in^oved even by reducing the admittance of the 
resonator at the end of the filttf by a quantity less than ^ 
The above h Ids true fm impedance. 

The embodiment based on the basic stractuie shown in 
FIG. 63A has been described. A variation in which a number 
of unit sections are provided at the center of the filter has the 
same advantages as the above embodiment 

A description will now be given, with reference to FIG. 
of a SAW filter 260 according to a diirteenth embodi- 
ment of the present invention. The SAW filter 260 is based 
on the basic structure shown in FIG. 63B, and has the same 
insertion loss improvement as shown by the curve 251 in 
FIG. 56. 

FIG. 66 shows a SAW filter 270 according to a fourteenth 
embodiment of die present invention. The filter 270 is based 
on the basic structure shown in FIG. 63C The filter 270 has 
die same insertion loss improvement as shown by the curve 
251 in HG. 56. 

FIGS. 67 and 68 show a SAW filter 280 acceding to a 
fifteenth embodiment of the present invention. The present 
embodiment is based on such a oonsideratioh that the 
insertion loss depends on a resistance conqranent and a 
conductance con[q)onent of the interdigital electrode. Widi 
die above in mind, die fifteenth embodiment is intended to 
reduce the resistance conqponent of each series-arm resona- 
tor and reduce the conductance component of each parallel- 
arm resonator and to thereby reduce die total insertion loss 
of a filter in which resonators make a ladder-type connec- 
tion. 

Referring to FIG. 67. SAW resonators R,^, andR,, are 
provided in the series arm. and SAW resonators Rp^, R^, and 
Rp3 are provided in the respective parallel arms. The reso- 
nance frequency f„ of each of the resonators in the series 
arm is different from die resonance frequency f^ of eadi of 
the resonators in die parallel arms. 

It will now be assumed that the admittance of each 
parallel-arm resonator is expressed as follows: 

1V=«^^•6 (26) 

where g denotes a conductance component and b denotes a 
susceptance. Further, it will be assumed tfiat the impedance 
of each series-arm resonatcr is ex{Kessed as follows: 



value at the antiresonanoe frequency f^ Fbrther, die sign of 
the reactance conqwnent x changes from + to and 
approaches zero from the minus side in a range higher than 
The resistance component r graduaify increases from 

5 zero to die largest value at die antires nance firequency f^ 
and dien gradually decreases. Th resistance conqronent r 
assumes only the plus sign. 

In order to obtain a filter characteristic, die antiresonance 
frequency f„ of die parallel-aim resonator is equal to or 

10 slightly smaller than the resonance frequency f„ of die 
series-arm resonator. 

A grs^h depicted in the lower portion of FIG. 71 shows 
the band characteristic of die filter circuit The pass band is 
formed around f^«f„t and the other frequency range serves 

IS as an attenuation range. It can also be seen from FKj. 71 that 
b and X are respectively zero around the center frequency of 
the pass band. Hence, die pass band characteristic of the 
filter is determined by only r and g, and the following is 
obtained: 
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S21=10Qr(100«+5Qrjf2SOO g) (28). 

Since r>0 and g>0. S21 becomes smaller dian 1 as both r and 
2c g increase, and the insertion loss written as 2Qlog.iS2ri also 
inaeases. Hence, die insertion loss deaeases as both r and 
g are closer to zaa 

A description will now be given of a consideration 
concerning which part of the interdigital electrode is related 
„ to the resistance conqponent r and the conductance compo- 
nent g. The above consideration takes into account a resis- 
tance r^ inserted in the equivalent ciraiit shown in FIG. 5B. 
The resistance r| is die sum of the electric resistance 
coiiqx>nent of the interdigital electrode and an acoustic 
resistance conqionent corresponding to an energy loss 
encountered while bulk waves generated from ends of the 
fingers are propagated iaside the substrate. The resistance 
component resulting from emission of bulk waves is litde 
dependent on the shape of the interdigital electrodes, and 
ij is hence proportional to the electric resistance (rj of the 
^ interdigital electrode. Particularly, r=ri around the 
center frequency of x=0. 

The conductance conqx>nent g of the admittance of the 
parallel-arm resonator is proportional to die conductance 
1/r^ of die electric resistance of die interdigital electrode. 
The following equation is known: 



Zr=n^x (27) 

where r denotes a resistance conqionent and x denotes a 
reactance conqx>nent 

Under the above assumptions, the frequency characteris- 
tics of g, b. r and x are as shown in FIG. 7L The susceptance 
coixq>onent b (indicated by the dot chained line) of the 
admittance of die parallel-arm resonator has the largest 
value at the resonance frequency f^. at which die sign 
diereof changes from + to Furdier. die susceptance 
con4>onent b becomes zero at the antiresonance frequency 
fap* which the sign diereof changes from - to +. The 
conductance component g (one-dot chain line) has die 
largest value [is] at the resonance frequency f^, and 
rapidly decreases and approaches zero. The value of the , 
couductauce compoueut ^ assun^^^ onJy the plus sign. j 

The reactance component x (indicated by the solid line in 
FIG. 71) of die inopedance of the series-arm resonator 
t)ecomes zero at the resonance firequency f^ and the largest 



^ where po denotes die resistivity of the fingers of the inter- 
digital electrodes. W denotes the width of each finger, t 
denotes the film diickness of each finger, I, denotes the 
aperture length of the series-arm resonator, and N, denotes 
the number of finger pairs. 

^3 The conductance component g is obtained as follows if 
the same substrate and die same metallic film as those used 
in die series-arm resonator are employed: 

60 g^^Wt/it^ih) (30) 

where Ip denotes the aperture length of die parallel-arm 
resonator, and the denotes the mimber of finger pjurs. It 
will be noted that po. W and t in die parallel-arm res nator 
65 are almost the same as those in die series-arm resonator. 
Hence, an increas in the insertion loss in die equati n 
(28) is expressed as follows: 
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( . (iV^/.) + 250O . Afp . V • 0(V * Po). 

It caa be seen firom equation (31) that the insertion loss of 
(he soies-ann xesonator becomes smaller as the ^)eitiiie 
lengdi 1, deaeases and the number of finger pairs 
increases, and that the insertion loss of the paraUd-arm 
resonator becomes smaller as the aperture length Ip increase 
and ttie number Np of finger pain decreases. Particularly* the ' 
insertion loss can be effectively reduced when l>lp<l and 
Np/N^<l, that is, when the aperture length of the series-arm 
resonator is smaller than ttiat of the parallel-arm resonator, 
and the number of finger pain of the series-arm resonator is 
larger tfian the number of finger pairs of the parallel-arm 
resonates. 

The reason for the above will now be described. In 
equation (31), p=r, (r^ electric resistance of the sentes-arm 
resonatoff), and ^Vtp (r^: electric resistance of die parallel- 
arm resonator), and Iherefoe the following expression can : 
be obtained: 

SOrfffZSOO g=T.+50(r^p)f 2500(1/^,). 

Hence, an increase in die insertion loss can be suppressed 
when [tJTj^L that is, r,<rp. 

If 1, is too short a loss resulting firom diffraction of the 
surface wave takes place. If 1^ is too long, a decrease in Q 
of die parallel-arm resonator due to resistance increase 
qipears, and the side lobe suppression factor is deteriorated. 
Hence, there is a limit on 1, and 1^. 

The equation (31) can be modified as follows: 

r+50r - g+2500g=1s • po/(Ns * W • ts)+50 • (32) 

where t, denotes the film thickness of fiie metallic film 
forming the interdigital electrode of the series-arm 
resonator, and denotes the film thickness of the metallic 
film forming the interdigital electrode of the parallel-arm 
resonatcr. Hence, the insertion loss can be reduced when 

Jt is possible to use resonators, each having two different 
metallic films having different resistivity values (p^^ p^^) 
and to arrange diese resonators in the parallel and series 
arms, so that p«p/Pep<l can be satisfied. However, (his is not 
practical in terms of mass productivity. 

A further descr^on will be given, with reference to 
FIGS. 67 and 6B, of die fifteenth embodiment based on die 
above concept A piezoelectric substrate 241 is formed- of 
36"* Y-cut X-pro]^gation UTsO^, and an electrode is made 
of AlandSOOO Aducfc. 

Conventionally, in each of die parallel and scries arms, 
I =1^=90 fun, and Np=N,=100. In die present embodiment 
l'=45 urn and N =200 in the series arm, while 1^= 180 \sm and 
N =50 in die parallel arm. That is. l^l^ and Np^N . Further, 
1^=0.25, and Np/N,=025. The electrostatic Co of die 
interdigital electrode based on the product of the number of 
finger pairs and die aperture length is kept constant 

In FIG. 69, solid line 281 indicates die characteristic of 
die present embodiment and faacokcn line 282 indicates the 
characteristic of the conventional filter: The conventional 
filter has an insertion loss of 23 dB, while the present 
eiBixKiLment has an insextion loss of 2.0 dB. That t.s, the 
insertion loss is in^roved by 0.5 dB, in other wonls« 23%. 
FMier, since an increased number of finger pairs of the 
series-arm resonator is usedL die breakdown power perfor- 
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mance is inqooved, and the applicable maximum power is 
inqm)ved by 20%. 

In the present embodiment, a difEraction loss appears 
when 1, is equal to or less dian 30 ^m, and them side lobe 

5 starts to deteriorate when Ip is equal to or larger than 300 >mi. 
Hence, the 1, and 1^ are limited to die above values. It can be 
seen from the above tiiat die insertion loss in die pass band 
is inproved by decreasing the electric resistance of die 
series-arm and inaeasing the electric resistance of the 

10 parallel arm (decreasing the conductance), ft is also possible 
to use a parallel-arm resonator having a film thickness larger 
than that of die series-arm resonator. Even with this 
structure, it is possible to reduce the insertion loss in die pass 
band. 

15 A description will now be given, with reference to FIG. 
72. of a wave filter according to a sixteendi embodiment of 
die present invention. The wave filter (branching filter) 
shown in FIG. 72 comprises two SAW filters Fl and F2 
having input terminals connected to a pair of common signal 

20 terminals TO via common nodes a and b. The SAW filter Fl 
has a pair of signal terminals Tl, and the SAW filter F2 has 
a pair of signal terminals T2. A pair of signal lines U and 1^ 
connects die nodes a and b to die SAW filter Fl, and anodier 
pair of signal lines U and 1^ connects the nodes a and b to die 

25 SAW filter 

The SAW filter Fl colI^>rises a series-arm SAW resonator 
Rso, and a parallel-arm SAW resonator Rp, which resonators 
are configured as has been described previously. The reso- 
nator Rso is connected to die common node a, and hence 
30 serves as a resonator of the first stage of the SAW resonator 
Fl. Aplurality of pairs, each pair of serics^arm resonator and 
parallel-arm resonator are cascaded in the SAW filter FL 
The SAW filter F2 is configured in the same manner as the 
SAW filter Fl. 

35 The SAW filters Fl and F2 respectively have different 
band center frequencies. For example, the SAW filter Fl has 
a band center frequency f i of 887 MHz, and die SAW filter 
F2 has a band center frequency f 2 of 932 MHz. In diis case, 
the firequency f ^ is lower than the frequency fj* 

40 FIG. 73 is a Smith's chart of die wave filter shown in HG. 
72. In FIG. 72, P indicates the pass band of die wave filter, 
A indicates a Idw-frequency-side attenuation band, and B 
indicates a high-frequency-side attenuation band. It can be 
seen from FIG. 73 diat die characteristic inq)edance of die 

45 circuit shown in FIG. 72 is equal to 50 £2, while die 
impedances of the attenuation bands A and B are greater than 
50 Q. This means tiiat die wave filter shown in HG. 72 has 
the iiiq)edance characteristics of Ae respective band-pass 
filters. 

50 A description will now be given, witii reference to FIGS. 
74 and 75, of a wave filter according to a seventeenth 
embodiment of die present invention. In FIG. 74, parts that 
are the same as parts shown in die previously described 
figures are given the same reference symbols. 

55 As has been described previously, the SAW filters Fl and 
F2 satisfy die condition f i<f2. If die SAW band-pass filters 
Fl and F2 have characteristics as shown in FIG. 75, die filter 
Fl is maintained in a high-iix^iedanGe state within the pass 
band frequency band of die filter F2. In diis case, diere is n 

60 need to provide an inq>edance matching circuit M to the 
filter Fl, and die same characteristic as die diaracteristic of 
the filter F2 alone can be obtained. 

However, the filter ¥2 does not hnve a high in^>qdance 
widiin the low-frequency attenuation band A thereof* and 

65 crosstalk may take place. Hence, it is necessary to increase 
die inq)edancewidiln die low-frequency attenuati n band A 

of die filter F2. 
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